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SUMMARY

An Investigation has been made to determine the transition charac-
teristice of a group of smooth, sharp-nosed cones varying from 10° to 60°
in included aspex angle over a Mach number range from 1.61 to 2.20 and =«

range of tunnel Reynolds number per foot from about 1.5 X 106 to 8 x 106.
The tests were made at zero angle of attack and with zero heat transfer.

The results indicate that the general level of trensition Reynolds

number varied between 6 x 106 and 8 X 105 when based on surface distance
and local flow conditions Just outside the boundary layer, and between
900 and 1,000 when based on boundary-lsyer momentum thickness and local
conditions outside the boundary layer. Increasing the cone angle caused
a moderate decrease In distance transition Reynolds number, together with
a consequent decrease in momentum transition Reynolds number. Changes

in Mach number and unit tunnel Reynolds number had little or no effect

on the transition Reynolds numbers. When transition occurred within 15
to 20 percent of the model length from the base there usually was a drop-
off in trensition Reynolds number.

INTRODUCTION

The study of boundary-lsyer transition 1s of continuing importance
in the deslgn of supersonic end hypersonic alrplanes and missiles. The
state of the art is still such that recourse must be had to experimentsl
date in making estimates of transition Reynolds numbers. While a large
body of experimental data is now available for study, there is still a
lack of data wherein some of the parameters are varied in a systematic
menner and the results are obtained in a single facility in which the
apparent turbulence level and local flow irregularities are small. This
investigation was underteken to fulfill some of the need for such results.

The tests were made in the Langley 4- by 4-foot supersonic pressure
tunnel, in which past tests have indicated a relatively low level of
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effective turbulence and local flow lrregularity. Four basic cones were
used, with included apex angles of 10°, 27°, 45°, and 60°. The test Mach
numbers were 1.61, 1.82, 2.01, and 2.20, and the tunnel unit Reynolds

number range varied from sbout 1.5 X 106 to 8 x 106. An =additional cone
nearly twlce as long as the baslc cones was also tested et a Mach number
of 2.01L. All cones had sharp noses with a diameter or thickness of
0.002 inch, end all tests were made with the models at zero angle of
attack and with zero heat transfer. Transition was determlned by means
of schlieren photography.

SYMBOLS
M Mach number
R Reynolds number
8 surface distance from apex
Subsecripts:
tr transition
0 free stream
2 local conditions outslde boundary layer
6 boundary-layer_momentum thickness

APPARATUS AND METHODS

Wind Tunnel

This investigation was conducted in the Langley 4- by 4-foot super-
sonic pressure tunnel, which is a rectangular, closed-throat, single-
return type of wind tunnel with provisions for the control of the pres-
sure, temperature, and humidity of the enclosed air. Flexible nozzle
walls were adjusted to give the desired test-section Mach numbers of 1.61,
1.82, 2.01, and 2.20. During the tests the dewpolnt was kept below -20° F
at atmospheric pressure; therefore the effects of water condensation in
the supersonic nozzle were negligible.
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Models

The models used in this investigation (fig. 1) consisted of three
24 .00-inch sharp-nose cones with apex, sngles of 10°, 279, and 45°, one
17.50-inch cone whose apex angle measured 60°, and one hO 00-inch cone
whose spex angle measured 10°. All models were constructed of steel
and were polished to a mirrorlike finish, which past experience indi-
cates to be representative of a surface roughness of less than 5 micro-
inches root-mean-square. The noses of the cones were approximately
0.002 inch in diameter or thickness. A photograph of the models is pre-
sented as figure 2. It should be mentioned that the base of the 60° cone
was modified by cutting down and beveling in order to get an effective
decrease in the areas ratlo so that the tunnel would start, at least, at
the highest test Mach number. All models were sting mounted for the test,

the lengths of the short and long stings being h%-and 10% inches, respee-

tively. Some of the models were made in two parts. Care was taken
that the Jolnt between the parts was faired smooth.

Tests

All tests were conducted with the models at zero angle of attack.
The tests were conducted at mean Mach numbers of 1.61, 1. 82, 2.01,
and 2.20, but the 450 and 60° cones were tested only at the higher Mach
numbers because of tunmnel choking. For all test Mach numbers and cone
angles the nose shock was always sattached. Calibrations of the test-
section flow have indicated that local variations of Mach number are
smaller than 0.02 for Mach numbers of 1.61, 1.82, and 2.01. No cali-
bration has been made for a Mach number of 2.20.

Tests were made by starting at low tunnel stagnation pressures and
advancing to the higher pressures. Tunnel stagnation pressure varied
from ebout 800 to 4,300 1b/sq ft, which corresponds to a range of tunnel

Reynolds number per foot from gbout 1.5 X lO6 to 8 x 106. The tunnel
stagnation tempersture varied from sbout 950 to 130° F. Whenever data
were to be recorded the tunnel was brought to the desired pressure and
held there for a perlod of time that, judging from past experience, was
sufficient to insure equilibrium conditions. Light flashes of approxi-
mately L4 microseconds' duration were used to record the location of
transition by meens of schlieren photography. From three to ten pilctures,
with an average of six, were teken at each tunnel pressure. Since equi-
librium conditions existed at the time of recording the date, there was
no transfer of heat.

Some difficulty was encountered with sandblasting effects on the
models at the higher tunnel stagnetion pressures because of particles
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flying through the tunnel. This sandblasting resulted in either model
pitting or the raising of small protuberances which could have affected
transition. Where 1t was belleved that the data might be affected, the
models were repolished and reruns were made. Subsequent analysis indi-
cated that all the date obtalned on the cones with the sharp (0.002 inch)
noses were free of any effects of sandblasting.

Data Reduction

TLocation of transition was determined by exemination of the schlieren
photographs by two or more readers. The transition locations determined
by the different readers were then averaged at each tunnel stagnation
pressure and the average value was treated as a single test point. In
most Instences the differences in the transitlon locations determined by
the various readers were neglligible. Boundary-layer momentum thickness
was computed by the method of reference 1. Mengler's transformation
(ref. 2), which gives the general relationship between two-dimensional
and axially symmetrical boundary layers, was employed to reduce the flat-
plate calculatlons to those for a conical body. Flow conditions on the
cone surfaces were obtained with the aid of the tables in reference 3,
with the assumption that no boundary layer was present.

RESULTS AND DISCUSSION

General Remaxrks

Before the quantitative aspects of the transition phenomens are
discussed, a few remarks will be made about the qualitative results of
the investigation. First, the transitlon phenomens were unsteady, the
transition front oscillating perhaps as much as 10 percent forward or
rearward of its average location. The greatest unsteadiness usually
occurred when transition was located on the last 15 or 20 percent of the
model length. In addition, & number of bursts of turbulence just ahead
of or merging with the maln transitlon polnt were discerned in the schiie-
ren photographs. These bursts were dlscounted in establishing the loca-
tion of the main front. Exemination of the avallable photographs dild
not reveal any rellable evidence of any bursts of turbulence very far
ahead of the average transition location; hence it appears that, no mat-
ter what the point of origin, the bursts sustained their main growth in
a relatively short reglon just sahead of the average front.

Transition Reynolds Number

The quantitative results of this investigation, with a few excep-
tions, are presented as functions qf local Reynolds number at various
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local Mach numbers because the local flow conditions on the surface of
the cone behind the nose shock and Just outside the boundary layer are
fundamental to the problem. For convenience in cross referencing, the
free-stream Mach numbers usually are also included.

The location of the average transition point along the model surface
as a function of local Reynolds number per foot for the various cone
angles 1s presented in figure 3. Included in each plot are two lines,

a long~-dash line indicating the slope corresponding to a constant transi-
tion Reynolds number and a short-dash line indicating model surface
length. Data presented in this figure, pariicularly thatl from the most
forward transition locations investigeted to about 80 to 85 percent of
model length, showed falrly good agreement with the slope for constant
transition Reynolds number. When transition occurs farther rearward,

a dropoff in transition Reynolds number generally occurs. In figure 3(a),
at M, = 2.01, the 40-inch 10° cone shows a dropoff at a lower unit local
Reynolds number than the 24-inch 10° cone; however, the dropoff occurs

at about the same 80- to 85-percent station on both models. This result
suggests that trensition near the model base may be affected by the tur-
bulence 1n the separated wake at the base. The fact that transition
could be affected as far ahead of the base as 15 or 20 percent of the
model length when the subsonic portion of the boundary layer is so thin
doesn't appear to be reasonable. The possibility exists that the extent
of the forward influence may be connected in some way with the increased
oscillation of the transition front near the base of the model that was
mentioned previously. Calculations show that the decrease in transition
Reynolds number occurs at about the same distance forward of the base on
both cones when the distance is expressed as a multiple of the boundary-
layer thickness. Another possibility is that there masy be some heat
trensfer within the model material nesr the base because of the difference
between the recovery temperatures on the model surface and the model base
due to separated flow at the base. '

Another point that should be mentioned is that the tests of the
Lo-1nch 10° cone were made specifically to determine whether changes in
unit Reynolds number had any effect on transition Reynolds number. Hence
a larger number of schlieren photographs at a larger number of tunnel
pressures were obtalned for the 40-inch model than for the 24k-inch models.
A comparison of these experimental results, exclusive of those for the
last 5 to 10 inches, with the slope for constant transition Reynolds num-
ber leads to the same conclusion as was derived for the shorter models.
The effect of tunnel pressure on transition was small, 1f it existed at
all, when the last 15 or 20 percent of the model length was neglected.

Varistions of Rs,tr with unit local Reynolds number are presented
in figure 4. The general level of Ry i, 1s about 6 x lO6 to 8 x 106
>
exclusive of the results for the last 15 to 20 percent of the model
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lengths. This is a higher level than that obtained in most supersonic
wind tunnels (see refs. 4 and 5) and suggests that the results are rela-
tively free of tumnel turbulence effects and local flow ilrregularities.
The date also indlcate a decrease in Rs,tr with an increase in cone

angle. At M, = 2.20 this decrease .amounts to about 1.5 X lO6 for an
increase in cone angle from 10° to 60°. The results suggest that this
effect may be stronger at the lower Mach numbers (compare 10° and 27° cones
over the Mach number range) but more data are required to esteblish this
point definitely. There appears to be little if any effect of Mach number
on the results, a result somewhat in contradiction to the indications of
most other wind-tunnel investigations that Rs,tr decreases wlth Mach

number. (See refs. 5 to 8.)

Figure 5 shows variations of the momentum transition Reynolds num-
ber Re,tr with R, per foot, with cone angle and Mach number as

parameters. A composite plot of Re ty @8 & function of local unilt
2

Reynolds number, with either cone angle or Mech number ldentified, is
presented as figure 6 for greater ease in making comparisons. The range
of Re,tr extended from about 900 to 1,000 and remained fairly constant;
Re,tr had only a slight tendency to decrease with increase in cone angle.

Again there is little or no effect of Mach number.

For the sake of general interest, the transition results are plotted
against unit tunnel Reynolds number in figure 7. There do not seem to
be any significant changes from figure 6.

SUMMARY OF RESULTS

An investigation has been made to determine the transition charac-
teristics of a group of cones varylng from 10° to 60° in included apex
angle over a Mach number range from 1.61 to 2.20 and & range of tunnel

Reynolds number per foot from 1.5 X lO6 to 8 x 106. The results indicate
that:

1. The general level of transition Reynolds number veried between

6 x 100 and 8 x 10° when besed on surface distance and local flow con-
ditione just outslde the boundary layer, and between 900 and 1,000 when
based on boundary-leyer momentum thickness and local conditlons.

2, Increasing the cone angle caused a moderate decrease in distance
trensition Reynolds number together with a consequent decreasse in momen-
tum transition Reynolds number.
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3. Changes in Mach number and unit tunnel Reynolds number had little
or no effect on the transition Reynolds number.

. When transition occurred within 15 to 20 percent of the model
length from the base there usually was a dropoff in transition Reynolds
number which mey be connected with the turbulence in the separated wake
or with heat transfer within the model material near the base because
of the difference between the recovery temperatures on the model sur-
face and the model base due to separeated flow et the base.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 2, 1958.
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Figure 1.- Sketch of models. All dimensions are in inches unless other-
wise indicated.
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